Optical coupling enables intermediate-and long-range interactions between distant quantum emitters. Such interaction may be the basic element in bottom-up approaches of coupled spin systems or for integrated quantum photonics and quantum plasmonics. Here, we prepare nanodiamonds carrying single, negatively-charged silicon-vacancy centers for evanescent optical coupling with access to all degrees of freedom by means of atomic force nanomanipulation. The color centers feature excellent optical properties, comparable to silicon-vacancy centers in bulk diamond, resulting in a resolvable fine structure splitting, a linewidth close to the Fourier-Transform limit under resonant excitation and a good polarization contrast. We determine the orbital relaxation time T 1 of the orbitally split ground states and show that all optical properties are conserved during translational nanomanipulation. Furthermore, we demonstrate the rotation of the nanodiamonds. In contrast to the translational operation, the rotation leads to a change in polarization contrast. We utilize the change in polarization contrast before and after nanomanipulation to determine the rotation angle. Finally, we evaluate the likelihood for indistinguishable, single photon emission of silicon-vacancy centers located in different nanodiamonds. Our work enables ideal evanescent, optical coupling of distant nanodiamonds containing silicon-vacancy centers with applications in the realization of quantum networks, quantum repeaters or complex quantum systems.
Introduction
Color centers in diamond promise to be the key element for upcoming quantum technologies such as quantum networks [1] or quantum sensors [2, 3] . The most studied color center so far is the negatively-charged nitrogen-vacancy (NV − ) center, due to its outstanding spin properties and magnetic field sensitivity [4, 5] . For many applications, color centers close to the diamond surface are mandatory to allow efficient coupling to objects outside the diamond host. A special case are nanodiamonds (NDs), with dimensions small compared to the optical wavelength which, since recently, are also fabricated with high quality in top-down approaches [6] . In such cases, color centers inside the ND can be efficiently coupled to the outside optically via the evanescent field. Optical coupling gives access to, for example, post-processing of classical photonics towards quantum photonics applications [7, 8] . For efficient operation, it is important to optimize all degrees of freedom such as position, dipole alignment as well as the intrinsic optical properties, like a high flux of coherent photons, spectral stability and a narrow inhomogeneous distribution. The NDs offer the unique capability to optimize all degrees of freedom by means of atomic force microscope (AFM)-based nanomanipulation. In order to obtain an optimal evanescent coupling to an object outside the ND three basic operations are required. First, a high-precision translational manipulation [9] . Second, a high-precision rotational manipulation [10] . In case of NV − centers, the rotation angle was determined with respect to an external field by monitoring the change in ODMR signal. Third, the maintenance of ideal intrinsic properties. For optical coupling crucial intrinsic properties of the defect center include narrow homogeneous and inhomogeneous linewidths, good polarization contrast, low-background single photon emission and the ability of indistinguishable photon emission. The intrinsic properties remain a major drawback for NV − centers in NDs due to the degradation of the optical and spin properties when the NV − center is located in close proximity to the diamond surface. In contrast, the negatively-charged silicon-vacancy (SiV − ) center has drawn great attention due to its robust intrinsic properties. In bulk diamond SiV − centers show exceptional optical properties [11] [12] [13] , with a high Debye-Waller factor of ∼ 0.7 [14] , a narrow inhomogeneous linewidth in the range of few GHz and Fourier-Transform limited homogeneous linewidth at cryogenic temperatures [15] . The spectral stability arises from the D 3d Symmetry of the SiV − center and enables to achieve excellent optical properties even in close proximity to the diamond host. Protecting the high-degree of symmetry demands high quality of the diamond host, in particular, a low strain environment. In the past single photon emission from SiV − centers in chemical vapour deposition (CVD) NDs was shown [16] . The production of low-strain nanodiamonds via HPHT fabrication method [10, 17] recently enabled to preserve the excellent optical properties of SiV − centers also in NDs. In NDs with high crystal quality and sizes smaller than 200 nm an inhomogeneous distribution of 1.05 nm at 5 K and individual lines narrower than 360 MHz were found [18] . Utilizing plasma treatment techniques of the diamond surface SiV − centers with an inhomogeneous ensemble linewidth below the excited state splitting and excellent spectral stability under resonant excitation was achieved [10] . While the requirement to maintain ideal intrinsic properties also in NDs has been shown the demonstration of nanomanipulation of NDs containing single SiV − centers is still missing. The translational nanomanipulation is a straightforward extension of the work done with NV − centers [9, 10] , but the rotational operation needs further developments. The determination of the rotation angle via ODMR contrast with respect to an external field, as done with NV − centers [10] , is not possible with SiV − centers. Furthermore, an open question remains on the fragility of the intrinsic properties on the nanomanipulation process. For example, conserving the intrinsic properties of the color centers during nanomanipulation on the NDs is crucial to enable the deterministic coupling of NDs with incorporated color centers with preselected properties, for example, in quantum photonics applications. In this work we present nanomanipulation on all degrees of freedom of NDs hosting SiV − centers with an AFM cantilever. We first isolate single SiV − centers in single NDs with excellent optical properties comparable to SiV − centers in low-strain bulk diamond. We then demonstrate the translational and rotational operation and explicitly show that the optical properties of the color centers are conserved. In addition we show that ND decomposition leads to a change in strain indicated by a change of the fine structure splitting. Finally, we proof the ability for indistinguishable, single photon emission from SiV − centers in different NDs.
Methods
Measurements presented in this manuscript were performed using a custom-built cryogenic confocal microscope. It consists of a compact design flow cryostat to cool down the sample to liquid helium temperature, a NA = 0.95 microscope objective and a pinhole to achieve sub micrometer depth resolution. A dual-axis scanning galvo system is used to scan the sample surface, which is mounted on the cold finger of the cryostat. Off-resonant excitation of the color centers is done with a green DPSS laser at 532 nm, while for resonant excitation we use a tunable diode laser at ∼ 737 nm. The fluorescence of the SiV − centers is collected with the microscope objective and analyzed either using a single photon counting module (SPCM) or a grating spectrometer with a 1800 groves/mm grating. NDs with SiV − color centers were obtained by high pressure -high temperature (HPHT) treatment of the catalyst metals-free hydrocarbon growth system based on homogeneous mixtures of naphthalene -C 10 H 8 (Chemapol) and tetrakis(trimethylsilyl)sylane -C 12 H 36 Si 5 (Stream Chemicals Co.), which was used as the doping component. Cold pressed tablets of the initial mixture (5 mm diameter and 4 mm height) were placed into a graphite container, which simultaneously served as a heater of the highpressure toroid-type apparatus. The experimental procedure consisted of loading the Preparing single SiV − center in nanodiamonds for external, optical coupling 4 high-pressure apparatus to 8.0 GPa at room temperature, heating the sample to the temperature of diamond formation (∼ 1400 • C), and short (1 − 3 s) isothermal exposure at this temperature. The recovered diamond materials have been characterized under ambient conditions by using X-ray diffraction, Raman spectroscopy and scanning and transmission electron microscopes (SEM and TEM). SEM images of the diamond nanoparticles can be found in the Supplemental Material.
According to this characterization, diamond material, mainly, represent agglomerations relatively uniform nanoparticles that are 8−30 nm in size. In addition, samples may contain a small amount of larger fractions of diamond, which are formed in a narrow zone of direct contact of the original mixture with the inner surface of the graphite heater, corresponding to the area of maximum temperatures in the high-pressure apparatus. The NDs were spin coated on a type-IIa-diamond substrate to ensure good thermal conductivity. For better orientation the substrate is provided with a variety of markers that were produced by focused ion beam milling.
Isolating single SiV
− centers
The NDs occupy a low concentration of SiV − center potentially enabling to isolate single SiV − centers per one ND or cluster of NDs. In figure 1(a) a confocal image of a 15 × 15 µm 2 area of the sample with several fluorescing spots is shown. Few of them show a four-line structure which corresponds to the four optical transitions (A-D) of the SiV − center zero-phonon line (ZPL) visible with off-resonant (532 nm) excitation (c.f. figure 1(b) ). The splitting of the electronic ground state (∆ GS ) and excited state (∆ ES ) is hereby caused by spin-orbit interaction. An exemplary low temperature photoluminescence (PL) spectrum of a SiV − center in a ND with its ZPL centered at ≈ 736.7 nm is shown in figure 1(c) . A resolvable fine structure of single SiV − centers already indicates a high crystal quality and low strain of the NDs. The PL linewidth of the individual lines in figure 1(c) is limited by the resolution of the grating spectrometer to about 20 GHz.
Determination of the homogeneous linewidth of an individual SiV − center is done via photoluminescence excitation (PLE) spectroscopy ( figure 1(d) ). We hereby scan the frequency of a resonant laser over transition C and record the fluorescence of the phonon sideband (PSB) using a 780/60 bandpass filter. We measure a linewidth of 338(11) MHz under resonant excitation, about 3 times broader than the natural linewidth of SiV − that was reported in bulk diamond [15] . The broadening mainly arises from residual spectral diffusion. For the same ND we measure the powerdependence of the fluorescence under resonant excitation and fit a saturation curve following the model I(P ) = I sat P/P sat 1 1 + P/P sat (1) to the data (figure 1(e)) yielding P sat = 100(12) nW and I sat = 5178(150) cps. In a second-order autocorrelation measurement (figure 1(f)) we find a g 2 (0) value well below 0.5 which infers that we indeed address a single SiV − center.
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Translational nanomanipulation
In the following experiments we investigate the change of the optical properties of a ND containing a single SiV − center when it is moved with the cantilever of an AFM. An AFM image of the ND before and after the displacement is shown in figure 2(a) . Apparently the ND, or more likely the cluster of NDs, is split in two parts and slightly shifted on the substrate. The image quality of the second (shifted) image has significantly decreased due to a degeneration of the AFM cantilever when using the contact mode for the displacement of the ND. We measure the emission polarization of the four optical transitions of the SiV − center (c.f. figure 1(b) )) at cryogenic temperatures before and after the nanomanipulation (see figure 2(b) ). The lines A and D are perpendicular polarized compared to the lines B and C, which is known as the typical behavior of the SiV − center [12] . The polarization contrast as well as the dipole angle of the individual transitions stay unchanged after the displacement of the ND. We interpret this result as a translational movement without any rotation of the ND.
We further investigate the ND properties before and after nanomanipulation via PL and PLE spectroscopy. The PL spectrum (figure 2(c)) shows the four line structure of the SiV − ZPL at ≈ 737 nm. After the displacement of the ND we observe a change of the ground state splitting ∆ GS between the transitions A and B (C and D) from 76(4) GHz to 46(2) GHz and of the excited state splitting ∆ ES , which corresponds to the frequency difference between the transitions A and C (B and D), from 278(4) GHz to 259(2) GHz. This can be explained by a decrease of the transverse strain when the ND is declustered. The splittings after the nanomanipulation are within the errorbars of the zero-strain splittings of ∆ GS,ZS = 46.3 GHz and ∆ ES,ZS = 252.0 GHz reported in reference [10] . The absolute line position of the ZPL stays unchanged, which we conclude with no additionally introduced longitudinal strain. Resonant excitation of transition C before the nanomanipulation yields a linewidth of 142(3) MHz at an excitation power of ≈ 18 nW, which is close to the Fourier-Transform limit of a SiV − center in bulk diamond [15] . Repeating the measurement after the nanomanipulation yields a linewidth of 152(12) MHz. In figure 2(d) both, the PLE scan before and after the ND was manipulated is shown. Additionally, we measure the orbital relaxation time T 1 of the ground state via resonant laser pulses on transition C. During each laser pulse the fluorescence decays to a steady state level as the population is pumped to the other ground state by the resonant laser. The respective peak height depends on the dark time τ between the 200 ns laser pulses. We compare the peak height of each pulse with the peak height of the first pulse and fit an exponential of the form
to the data, resulting in a T 1 time of 31 (10) ns (47(10) ns) before (after) the nanomanipulation. The peak height data together with the exponential fit is depicted in figure 2(e) . A slight increase of the T 1 time can be related to a better thermal conductivity after the displacement, which leads to a lower temperature of the ND and a longer orbital T 1 time of the SiV − center [19] .
Preparing single SiV − center in nanodiamonds for external, optical coupling The polarization contrast as well as the dipole angle of the individual transitions stay unchanged after the displacement of the ND. c) PL spectrum before (orange) and after (blue) the nanomanipulation. The four peaks (A-D) correspond to the four optical transitions of the SiV − ZPL. We observe a change of the ground state splitting from 76(4) GHz to 46(2) GHz and of the excited state splitting from 278(4) GHz to 259(2) GHz, which indicates a decrease of the transverse strain of the ND after the nanomanipulation. d) PLE scan of transition C before (orange) and after (blue) the nanomanipulation at an excitation power of ≈ 18 nW. e) Orbital T 1 time measurement before (orange squares) and after (blue triangles) the nanomanipulation. We extract the T 1 time from an exponential fit using equation (2) .
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Rotational nanomanipulation
Next, we demonstrate the rotation of a ND again using the AFM cantilever. An AFM image of the ND before and after the displacement is shown in figure 3(a) . The ND is laterally displaced by ≈ 1 µm between the two images. The rotation of the ND is verified by polarization measurements at cryogenic temperatures before and after the nanomanipulation (see figure 3(b) ). From the rotation of the polarization axes of the transitions B and C during the nanomanipulation we extract the rotation of the ND in the x-y-plane, which is ∆ϕ = 56(6)
• for the investigated ND. Further we calculate the rotation of the ND around the angle ∆θ via the change of the polarization contrast, which in our specific case is ∆θ = 15 (6) • (details see Supplemental Material). Beside the rotation of the polarization angle the optical properties of the SiV − center stay unchanged. A PL spectrum of the ND at cryogenic temperatures before and after the nanomanipulation is shown in figure 3(c) . We determine the ground state splitting of the SiV − center to 60(2) GHz (61(3) GHz) and the excited state splitting to 262(2) GHz (263(3) GHz) before (after) the nanomanipulation. This implies again a low strained ND, which holds true during the rotation. The overall brightness of the center has increased after the nanomanipulation due to better alignment of the SiV − dipole with the optical axis of the laboratory frame. A comparison of the power-dependence of the PLE linewidth of transition C before and after the nanomanipulation is depicted in figure 3(d) . We again measure a narrowest linewidth close to the Fourier-Transform limit being 154(6) MHz before and 151(6) MHz after the nanomanipulation. The power broadening of the line is described by a model of the form
where Ω is the Rabi Frequency, Γ is the natural linewidth and d is the beam diameter (see reference [20] ). The behavior changes slightly during the rotation of the ND due to the change of the dipole alignment. The measurement of the orbital relaxation time T 1 yields 43(10) ns before and 29(10) ns after the nanomanipulation, agreeing within the error margins. Both the measurement data and the exponential fit according to equation (2) is shown in figure 3 (e).
Preparing single SiV − center in nanodiamonds for external, optical coupling • after the nanomanipulation. c) PL spectrum before (orange) and after (blue) the nanomanipulation. Both, ground state and excited state splitting as well as the absolute line position stay unchanged, which implies that no additional strain is introduced to the ND during nanomanipulation. d) Power dependent PLE linewidth of transition C before (orange) and after (blue) the nanomanipulation. We measure a linewidth as narrow as 154(6) MHz (151(6) MHz) before (after) the nanomanipulation. The power dependency is described using equation (3) . e) Orbital T 1 time measurement before (orange) and after (blue) the nanomanipulation. We extract the T 1 time from an exponential fit using equation (2).
Discussion and Conclusion
Summarizing, we have demonstrated translational and rotational nanomanipulation of NDs containing single SiV − center with bulk-like optical properties. We have explicitly proven the persistence of the intrinsic properties against all nanomanipulation operations. Our work gives access to optical coupling of individual SiV − centers in separated NDs. In total we measured the ZPL position and linewidth (transition C) of 25 SiV − centers ( figure 4(a) ). We show significant spectral overlap of several SiV and Y (c.f. reference [12] ). A rotation of the ND around the angle ∆θ therefore leads to a change of the polarization contrast in the polarization plots of the transitions A and D (see figure 5(b),(c) ). The polarization contrast of the A and D transitions can be calculated using equation (4):
For the angle θ we obtain θ(C) = arccos 1 − C 1 + C .
From our measurements we calculate a change of the polarization contrast from 13 % to 6 % for transition A and from 40 % to 12 % for transition D during the nanomanipulation, resulting in a rotation of the ND around the angle ∆θ = 15(6)
• .
